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Abstract

A new approach for combining the insight af-
forded by integral boundary-layer analysis with com-
prehensive (but time intensive) computational fluid
dynamic (CFD) flowfield solutions of the thin-layer
Navier-Stokes equations is described. The approach
extracts CFD derived quantities at the wall and at the
boundary layer edge for inclusion in a post-processing
boundary-layer analysis. It allows a designer at a work-
station to address two questions, given a single CFD
solution. (1) How much does the heating change for
a thermal protection system (TPS) with different cat-
alytic properties than was used in the original CFD
solution? (2) How does the heating change at the in-
terface of two different TPS materials with an abrupt
change in catalytic efficiency? The answer to the sec-
ond question is particularly important, because abrupt
changes from low to high catalytic efficiency can lead
to localized increase in heating which exceeds the usu-
ally conservative estimate provided by a fully catalytic
wall assumption. Capabilities of this approach for ap-
plication to Reusable Launch Vehicle (RLV) design are
demonstrated. If the definition of surface catalysis is
uncertain early in the design process, results show that
fully catalytic wall boundary conditions provide the
best baseline for CFD design points.
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Nomenclature
C relaxation coefficient in Method 2
2
Cp equilibrium constant, p.e’? [1 ieoﬂ}
=aZ] po

C'p specific heat of molecules, J/kmole-K
h enthalpy per unit mass of mixture, J/kg

hp heat of formation per unit mass of species, J/kg
I1_3 pyreaction integrals

ky recombination rate coefficient, m®/kmole?-s
Le Lewis number

p pressure, N/m?

Pr Prandtl number

q surface heating, W/m?

Q heat transfer function

r ratio of velocity gradients

R radius of curvature, m

R gas constant for species s, J/kmole-K

Ry univ. gas constant, 8314.3 J/kmole-K

Se Schmidt number

T temperature, K

Tp characteristic temperature of dissociation, K

U, W streamwise and crossflow velocities, m/s

Vv total velocity, m/s

X,z streamwise and crossflow distances, m

A bridging function

et mass fraction of atoms

~y catalytic efficiency of surface

r* composite Dahmkohler number

[.,T. Dahmkohler numbers for surface catalysis

I'p Dahmbkohler number for dissociation dominated flow
I'a Dahmkohler number for recombination dominated flow
p density, kg/m3

it viscosity, N-s/m?

0 temperature ratio 7'/T,

6p temperature ratio Tp /T,

&En Levy-Lees transformation coordinates

X parameter u(d€/dx)(1+7r)/&, 1/s



Superscripts

+ value immediately following jump
— value immediately preceding jump

Subscripts

00 free stream

0 computed using v =0

1 computed using v =1

e boundary-layer edge

EQ equilibrium

F frozen

%, ] CFD mesh point location

J location of jump in surface catalysis
N nitrogen atom

@] oxygen atom

w wall

~ computed using v = y(7")

~ — 1 computed across discontinuity in

fromy =y(T) toy =1

Algorithm Designation

Method 1 Continuous change of catalysis,
restricted to nose region

Method 1G  Continuous change of catalysis,
generalized validity

Method 2 Discontinuous change of catalysis,
restricted to nose region

Method 2G  Discontinuous change of catalysis,

generalized validity

Introduction

The grand challenge of Computational Fluid Dy-
namics (CFD) is to produce accurate solutions on real
configurations in a matter of minutes. However, the
reality of CFD simulation today is that computational
expense and the complexity of surface definition and
grid generation restricts the number of cases which can
be produced. Given this limitation, a challenge often
overlooked by the CFD community concerns the timely
transmission and efficient utilization of the CFD solu-
tion(s) by all members of a vehicle design team. Recent
experiences with the Phase I design process for X33
have revealed opportunities for development of software
to better exploit a limited CFD solution matrix. Ex-
traction of only a few parameters at the surface and at

the boundary-layer edge of a CFD solution can enable
analytic extension of heat transfer solutions beyond the
baseline matrix.

Integral boundary-layer solution techniques appli-
cable to the problem of determining aerodynamic heat-
ing rates of hypersonic vehicles in the vicinity of stagna-
tion points, windward centerlines; and swept-wing lead-
ing edges are discussed in the literature.!™ The anal-
yses include effects of finite-rate gas chemistry across
the boundary layer and finite-rate catalysis of atom re-
combination at the surface. A new approach for com-
bining the insight afforded by integral boundary-layer
analysis with comprehensive (but time intensive) CFD
flowfield solutions of the thin-layer Navier-Stokes equa-
tions is described. The approach extracts CFD derived
quantities at the wall and at the boundary layer edge
for inclusion in a post-processing boundary-layer anal-
ysis. The post-processed data base allows a designer at
a workstation to address two questions, given a single
CFD solution. (1) How much does the heating change
for a thermal protection system with different catalytic
properties than was used in the original CFD solution?
(2) How does the heating change at the interface of two
different TPS materials with an abrupt change in cat-
alytic efficiency? The answer to the second question is
particularly important, because abrupt changes from
low to high catalytic efficiency can lead to localized
increase in heating which exceeds the usually conserva-
tive estimate provided by a fully catalytic wall assump-
tion. For a given trajectory point, the approach uses a
single CFD solution obtained with a known variation
of catalytic efficiency over the vehicle surface. Changes
to CFD baseline heating levels are calculated as a func-
tion of changes in catalytic efficiency derived from in-
tegral boundary-layer solution techniques that utilize
CFD generated edge and wall conditions.

The present paper reviews and extends work pre-
sented in an earlier report.> A reformulation of Method
1G? (see Nomenclature) is developed that better mod-
els the different roles of oxygen and nitrogen chemistry
across the boundary layer and at the wall. The test
cases focus on flow over a sphere at several trajec-
tory points characteristic of reentry of a representative
winged Single Stage to Orbit (SSTO) vehicle. CFD
calculations are made for three wall catalysis models
at each of these points. The models include noncat-
alytic, finite catalytic (Shuttle tile), and fully catalytic
wall boundary conditions. The post processed integral
boundary-layer corrections using each of three baseline
CFD heating results are compared to actual CFD cal-
culations for the corresponding off-baseline case. The
results of tests using the same reformulation of Method
1G on vehicles of realistic geometric complexity appro-
priate for a Reusable Launch Vehicle (RLV) are pre-
sented. Relative differences in predicted heating levels
between single CFD runs with post-processed correc-



tions and multiple CFD runs using different wall catal-
ysis models are discussed. Finally, more comprehen-
sive grid convergence studies have been provided for the
case of abrupt change in surface catalysis using Method
2G.

The goal of this research is to create a stand-alone
post-processing tool which can be used in preliminary
design of thermal protection systems (TPS) for hyper-
sonic vehicles. The tool would make extensive use of
a small number of CFD solutions computed using a
relatively simple surface catalysis model. Design iter-
ations are conducted without need of additional CFD
runs until convergence on a single concept is achieved,
at which point CFD should be used to provide a final
check and/or recalibration point.

Baseline CFD Solution Algorithm

The computational fluid dynamic (CFD) baseline
solutions for real gas, viscous analysis are provided by
the Langley Aerothermodynamic Upwind Relaxation
Algorithm (LAURA).® Comparisons to experimen-
tal data for hypersonic flows in air are documented in
the literature. ' The code employs upwind-biased,
point-implicit relaxation. Inviscid fluxes are approxi-
mated with Roe’s averaging,'* eigenvalue limiting (sim-
ilar to Harten!®), and Yee’s symmetric total variation
diminishing scheme.'® Viscous fluxes are approximated
with central differences. A model for surface catalytic
efficiency!” v(T') used in the present work is defined by

40.6_11440'/Tw

Yo = 1435 < T, < 1580
Yo = 39.9 107e21410./Tw 1580 < T,, < 1845
(1)
N = 0.061e=2430/Tw 1410 < T, < 1640
I~ = 0.00061¢%099/Tw 1640 < T,, < 1905

The catalytic recombination rate K, , for species s is

then defined by

Kus = 7(Tw)\/RiTy /27 (2)

Integral Boundary-Layer Method

Highlights

Integral boundary-layer theory for evaluating
nonequilibrium effects on surface heating has been de-
scribed previously.?™ Key features of the analysis are
reviewed here. First, the model accounts for both fi-
nite catalysis of the surface and finite reactivity of the

boundary layer. The finite catalysis of the surface en-
ters the analysis through the Dahmkohler number, T,
the ratio of atom recombination time at the surface and
a characteristic local diffusion time.

1/2
. = [p—“’] SckK, (3)
Haw X

The finite reactivity of the boundary layer enters
the analysis through the Dahmkohler number, I'¢;, and
I'p the ratio of characteristic local flow time to gas
phase reaction time. In the case of recombination dom-
inated boundary layers (near stagnation points)

2k, T 2p?

r =
“ RZx

(4)
In the case of dissociation dominated boundary lay-
ers (near windside centerline where viscous shear raises
temperatures in the boundary layer)

C
Ip = 2rg (5)

Pe

Second, analytic solutions to the governing
boundary-layer equations can be made with simplify-
ing approximations in the vicinity of the vehicle stag-
nation point (nose region), swept leading edge region,
and windward centerline region. The parameter y,

X = ue(dg/de)(147)/(2€) (6)

1s a function of the Levy-Lees transformed coordinate &
and takes on relatively simple, limiting values in these
regions. The Levy-Lees transformed coordinate is de-

fined by

xr
£ = / P fy UedT. (7)
0
Three-dimensional effects are included with the param-
eter 1 4 r, where r is the ratio of velocity gradients at
the edge of the boundary layer.

r = (dw/dz)/(du./dz) (8)

The post-processing algorithm used to correct
for changes in surface heating associated with global
change of the surface catalysis model over a hypersonic
vehicle is denoted Method 1. The initial formulation
of Method 1° was restricted to the nose region because
of the need to utilize a simple, analytic relation for x.
Subsequent modifications denoted by Method 1G are
presented here which are more generally applicable to
the complete vehicle surface. The post-processing al-
gorithm used to correct for changes in surface heating
associated with local, abrupt changes in surface catal-
ysis in the nose region is denoted Method 2. It too
has been modified to remove the requirement for an
analytic definition of y.



Global Change of Catalysis - Method 1G

Surface heating beneath a recombination dominated
boundary layer can be expressed? as an appropriate
interpolation of an equilibrium boundary-layer heating
rate Qw, rg and a frozen boundary-layer heating rate

Qw,F by
Qu = Quiepg + ZIM)(Qu,r — Qu.eqg) (9)

In Eq. 9 the variable @ is a dimensionless heating rate,
related to the dimensional heating rate ¢, by

—Pr/C,T.
Qu = qw# (10)
vV Pw Bw X
The equilibrium boundary-layer heating rate

Qu, g reference value at each mesh point (4, ) on a
discretized vehicle surface is defined? by

Qupqgi; = 0.47Prl/?

w,,7

2
[P Ue 0.52aehp
+ Prwzc,,Te + Ley C,,Te)i

(1— 0,
(11)

v

The reference value for frozen boundary-layer heating

rate Qy F at each mesh point (7, j) is defined!'® by
Quri; = 047Pr? (146,

w,,7

u? 0.67 cchp I )
VP + Lel ke e (12)

J

Equation 12 accounts for finite surface cataly-
sis  through the Dahmkohler number fcym' =
Fcyiyj/(0.47Scl/3) but does not include effects of reac-
tions across the boundary layer.

The bridging function Z(I'™*) in Eq. 9 varies from 0
(equilibrium limit with three body recombination rates
much faster than local flow rates) to 1 (frozen limit with
three body recombination rates much slower than local
flow rates). It is derived from a fundamentally based
analysis of the atomic species conservation equations

and is given by
3y/1+ 1607 ,/9 -1

Z(I*) ~
() 24T

(13)
where T ; is a composite Dahmkohler number defined

at each surface mesh point by

L4201 + 120,
TESNE

ij — Qeig

] INCEN (14)

»J

The integrals 11, I, and I3 account for integrated ef-
fects of reactions across the boundary layer on heating
rates. They are tabulated® and curve fits are provided.

I~ 4.80(0.50/Sc,) 400800 —w) - 184
I, ~  1.80(0.50/Se,) 124030 -w)=115 (15)
I a 0.93(0.50/5610)—0.2292}.41(1—w)—0.65

These integral approximations are valid over a param-
eter range 0.04 < 6, <0.50 and -2 < w < 0.

In the test problems considered here the bridging
function for oxygen recombination Z¢ is based on a re-
combination rate k.o = 7.8510137% with w = —1.5.
Other

numerical experiments® using a recombination rate ex-

This rate constant was used in earlier work.?

tracted from Park’s kinetic model yielded equivalent re-
sults for Zo. Recombination rates for atomic nitrogen
are approximately 1 to 100 times faster than for atomic
oxygen, the factor depending on collision partner and
temperature. These rates yield values for Zy of approx-
imately 1 in the test problems, indicating frozen flow.
However, inspection of the near wall atom profiles from
the CFD baseline solutions show nitrogen recombina-
tion far in excess of that predicted by frozen flow. The
approximations in the integral boundary-layer theory
do not account for two body, exothermic reactions that
deplete atomic nitrogen through collisions with molec-
ular oxygen to form NO and O and through collisions
with nitric oxide to form Ny and O. Consequently, the
bridging function for nitrogen recombination Zy was
based on an effective rate coefficient k. ;v = 2000k, o
which approximately calibrates the depletion of atomic
nitrogen appoaching the wall in a manner consistent
with CFD results. The calibration has not been tested
outside the test matrix discussed in a later section.
Additional approximations have been employed
in Method 1G to simplify extraction of CFD derived
quantities. In extracting CFD baseline quantities, the
boundary-layer edge is defined as the point where to-
tal enthalpy equals 0.995 of total freestream enthalpy.
Velocity at the boundary layer edge is taken as the
component that is parallel to the surface. Because en-
ergy 1s used as a primary variable and temperature
is a derived quantity in the CFD analysis h — ahp
is substituted for C,T" where ahp = Zs ashp s and
(h—ahp)/(h—ahp). is substituted for ¢ in the above
equations. In order to model the catalytic effect of the
surface on homogeneous recombination of both nitro-
gen and oxygen atoms Eq. 9 is modified as follows.

Quii = Qu,pq;+04TPr/? (

ao.chp.o 1 067 Leo 0.52
+Zo C,T. (Lew 1+ 0 Lew )
oNehpN 7,067 _Len 7052
PN R (LT — L) (16)

The Dahmkohler numbers in Egs. 3-5 and the di-
mensional heating in Eq. 10 require evaluation of the
rate parameter xy. Parameter y is itself a function of the
boundary-layer coordinate & (Eq. 7) and a local flow
dimensionality parameter r (Eq. 8). Analytic approx-
imations to these parameters are available in special
regions? (e.g.
swept wing leading edge). However, direct evaluation
of the boundary-layer coordinate ¢ through Eq. 7 is

stagnation point, windside centerline,



a tedious process on a realistic configuration, requir-
ing streamline tracing back to the original attachment
point(s). A simpler approach is to solve for the value
of x which yields ¢, using boundary-layer edge and
wall properties from the baseline CFD solution. The
CFD values of ¢, implicitly contain the streamline his-
tory and local flow dimensionality effects. A Newton
iteration works quite efficiently to handle the nonlin-
ear functionality of ¢, on x. This same value of x is
then used in the integral boundary-layer formulation
for the new values of catalysis (and wall temperature,
if required) to compute the new heating distribution.
The approximation for x ignores integrated effects of
changes in surface temperature and density along the
surface streamline, but works well in limited tests per-
formed to date.

The Lewis number may be evaluated in a variety of
ways, reflecting the uncertainty of modeling multicom-
ponent diffusion with a single parameter in the integral
boundary-layer theory. It has been calculated based on
the diffusivity of atomic oxygen diffusing in molecular
nitrogen and on a number density weighted average of
the diffusion coefficients for each species as computed
in the CFD algorithm. The weighted averages can be
defined to reflect new (predicted) mass fractions at the
surface. There is no single formulation which has been
found to be consistently better than any other in the
matrix of test problems considered here. Consequently,
the simplest approach which is to extract the Lewis
number directly from the CFD solution has been em-
ployed in the results which follow.

In the most general case with high Mach numbers
at the boundary-layer edge, viscous dissipation of ki-
netic energy tends to produce a local maximum tem-
perature within the boundary layer. The higher tem-
perature may lead to dissociation dominated chemistry
within the boundary layer. Inclusion of this effect leads
to the following correction which may be added to Eq.
12 or 16:

1 Ley, T,
14T,
(17)
where Ip 1s a reaction integral, discussed and tabulated
by Inger.?

h
AQurp = —047PrL3rp1, 2
C, T,

Discontinuous Change of Catalysis, Method 2G

More complete details of the following analysis
may be found in a companion paper.® The post-
processing algorithm used to correct for changes in sur-
face heating associated with an abrupt, local change of
the surface catalysis model over a hypersonic vehicle
is denoted Method 2G. It is assumed that a change
in TPS material occurs at a juncture (jump) location
&y. Initially, it will also be assumed that the boundary-
layer gas phase can be treated as frozen. Upstream and

downstream of £7, both a. and I'. are assumed to vary
rather slowly compared with «, itself in the relaxation
zone, and hence are approximated by local constants.
This approximation for the variation in «. is supported
by CFD results. The constraint on the variation of ',
will be relaxed in the numerical formulation of the so-
lution. The theory predicts a variation in a,, under
these constraints as

Qe

1+ TF

P Cg—(1+f§r)/2+

€>¢&)  (18)

Even though T, is discontinuous across the juncture
the variation of ay, across the juncture must be contin-
uous (though its gradient will be discontinuous). Con-
sequently, the constant (' is proportional to the jump

in I'. and defined by

1 1 (14TH)/2
C = a, — — = e
<1+r; 1+rc+) !

Examination of Egs. 18 and 19 reveals two features of
the relaxation process. First, the further downstream
the jump is, the longer it takes to adjust to the new
catalytic condition. Second, the more catalytic the
surface, the shorter the relaxation distance for any im-
posed AT..

The actual variation of T is approximated by
treating the boundary of each subsequent computa-
tional cell downstream of junction J as a new material
interface. The effective upstream Dahmkohler number
fc_ is then reset to a./ay, — 1. The value of £; used
in Eq. 19 is updated according to the location of the
latest interface. These redefinitions, using the previ-
ously computed value for a,, from Eq. 18, are consis-
tent with an upstream surface with catalytic efficiency
that yields the instantaneous value of «y, in frozen flow.
The net effect of this numerical treatment in the subse-
quent test problem is to produce a faster accomodation
(60% reduction in relaxation length) to the new surface
catalysis values of heating and mass fraction.

The diffusional contribution to the heat transfer
function @, will jump discontinuously across the junc-
ture because of the discontinuous change in the gradient
doy, [dy = Teay.

(19)

Qw = 0.47Prl/3 {1 0, + Pmi}

20, T

4 0:475¢hp {Lefcaw} (20)

CpTe
The application of Eq. 20 in Method 2G to correct
CFD baseline results obtained without the local change
in surface catalysis follows the example set in Method
1G. Note that in Eq. 20 the first term represents the
continuous part of the solution across the juncture and
the second part represents the jump effect associated
with the diffusional term. When the change in @y, is
computed between the baseline case and the case with



a jump in surface catalytic efficiency the contribution
from the continuous part exactly cancels.

Though not presented here, the assumption of
frozen gas phase in the boundary layer can be elim-
inated. In this case, a local iteration is required to
account for the sudden change in boundary condition
on the reaction integral. Inclusion of this effect was not
significant in the test cases which follow.

Test Cases

Tests of Method 1G for hypersonic flow over a 0.6
m radius sphere are presented. Surface heating rates
are computed for three different wall catalytic bound-
ary conditions at trajectory points defined in Table 1.
The wall temperature in each case is defined by a ra-
diative equilibrium wall boundary condition with emis-
sivity € = 0.9. Grid resolution is 30 cells in the stream-
wise direction and 64 cells across the shock layer. Cell
Reynolds number at the wall in all cases is less than
6. These results differ from those presented earlier® in
that the current methodology 1s not restricted to the
nose region and the CFD results were all run at their
respective radiative equilibrium wall temperatures. A
secondary iteration was employed in Method 1G to ac-
comodate the implicit, functional dependence of I'. and
f,, on the wall temperature.

Table 1 - Trajectory and Heating

Pt VOOa Poos TOO; q1, ‘ 9~ ‘ qo0,
- | m/s | kg/m? | K W /cm?

1 | 5493. [ 2.00 % [ 238. | 52.1 | 41.4 | 25.2
2 | 4440. | 3.53 =% | 250. | 34.6 | 30.4 | 20.5
3 | 3551. | 6.64 % | 264. | 21.8 | 18.6 | 14.7

In Fig. 1a, the non-catalytic solution is treated as
the available CFD baseline solution. This baseline CFD
data set has been post-processed using Method 1G to
obtain corrected heating levels associated with changes
in the surface catalysis model to finite catalytic and
to fully catalytic. The actual CFD heating predictions
with the new surface catalysis models are compared
with the results of Method 1G in Fig. la.

Similar comparisons are made in Fig. 1b for point
1 except that the finite-catalytic CFD solution is used
as a baseline and post-processed corrections are derived
for the fully catalytic and non-catalytic surfaces. The
fully catalytic CFD solution is used as a baseline in Fig.
lc. Comparisons of Method 1G with CFD at successive
trajectory points are presented in Fig. 2 for point 2 and
Fig. 3 for point 3.

Surface catalysis plays a major role in the stag-
nation region heating rate in all of the test problems.
Method 1G predicts that roughly 56% of the total heat-
ing at Point 1 is associated with diffusion of atoms that
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Figure 1: Comparison of CFD heating levels (symbols)
with Method 1G corrections (lines) derived from CFD
baseline for point 1 as function of three surface catalysis
models.
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Figure 2: Comparison of CFD heating levels (symbols)
with Method 1G corrections (lines) derived from CFD
baseline for point 2 as function of three surface catalysis
models.

Figure 3: Comparison of CFD heating levels (symbols)
with Method 1G corrections (lines) derived from CFD
baseline for point 3 as function of three surface catalysis
models.



recombine at the surface of a fully catalytic wall. In
this specific case, approximately 26% of the fully cat-
alytic heating result is associated with diffusion of oxy-
gen atoms to the surface and another 30% with the
diffusion of nitrogen atoms to the surface. At Point
2, approximately 40% of the fully catalytic heating re-
sult is associated with diffusion of oxygen atoms to the
surface and less than 1% with the diffusion of nitrogen
atoms to the surface. At Point 3, approximately 33%
of the fully catalytic heating result is associated with
diffusion of oxygen atoms to the surface and nearly 0%
with the diffusion of nitrogen atoms to the surface. The
contribution of nitrogen atoms rapidly diminishes as
flow expands around the sphere at Point 1 because the
mass fraction of atomic nitrogen at the boundary-layer
edge goes to zero.

Initial predictions for ax,, at Point 1 using a con-
ventional value for %k, y in Eq. 4 were much larger
than CFD results. As noted earlier, the approxima-
tions in the integral boundary-layer theory do not ac-
count for two body, exothermic reactions that deplete
atomic nitrogen through collisions with molecular oxy-
gen to form NO and O and through collisions with ni-
tric oxide to form N, and O. These reaction mecha-
nisms also help explain why Method 1G predictions for
atomic oxygen near the surface tend to underpredict
(5% to 20%) the CFD results when atomic nitrogen
exists at the boundary-layer edge. Increasing the value
of the effective nitrogen recombination rate coefficient
(kv = 2000k, ) approximately models the deple-
tion of atomic nitrogen appoaching the wall in a manner
consistent with CFD results.

The large changes in surface heating associated
with changes in surface catalysis models are generally
well predicted across the test matrix. Nitrogen chem-
istry plays a major role in the stagnation region at the
first trajectory point. Oxygen chemistry is the predom-
inant factor away from the stagnation point and at the
stagnation point later in the trajectory. Method 1G
predictions are within 7% of CFD results away from the
stagnation point (s/R > 0.8) in all but one case. The
exception, a Point 1 prediction of fully catalytic heating
based on a non-catalytic CFD baseline, is within 12% of
the CFD result. Stagnation region heating predictions
by Method 1G at Point 3, where nitrogen chemistry
Is not important, are within 10% of CFD results in all
but one case. The exception here is for the prediction of
non-catalytic heating from a fully catalytic CFD base-
line which is within 17% of the CFD result. Stagnation
region heating predictions for the first two trajectory
points in which nitrogen chemistry begins to play an
important role are within 20% of the CFD results.

Application of Method 1G to real design problems
are unlikely to involve non-catalytic boundary condi-
tions. Non-catalytic surface specification in the CFD
analysis is insufficiently conservative for TPS design

purposes, even in cases where low catalytic coatings
are used (e.g. shuttle tiles). In cases where nitrogen
chemistry plays an active role it is evident in Figs. 1
and 2 that even a little surface catalysis can produce
heating levels that are closer to being fully catalytic
than non-catalytic. In all cases where Method 1G is
used to calculate fully catalytic heating from a finite-
catalytic baseline CFD solution, the resultant predic-
tion is within 12% of the CFD result. In all cases where
Method 1G 1s used to calculate finite-catalytic heat-
ing from a fully catalytic baseline CFD solution, the
resultant prediction is within 5% of the CFD result.
Consequently, it is advised that fully catalytic baseline
CFD solutions be run early in the design phase of a hy-
personic vehicle. This approach yields CFD solutions
for laminar, nonequilibrium flows that: (1) are conser-
vative; (2) converge more quickly than with finite- or
non-catalytic surface conditions; and (3) provide the
best baseline for analytic extrapolation to various TPS
design options.

Global Changes to Surface Catalysis - RLV

In this section, application of Method 1G to a rel-
atively complex configuration is tested. The front and
mid- sections of a Reusable-Launch-Vehicle (RLV) can-
didate configuration (Fig. 4) for a flowfield simulation
at Mach 25, 45 deg. angle of attack, and 79.6 km alti-
tude is examined. The surface grid representation for
the front section is defined with 52 streamise cells and
64 circumferential cells. The surface grid representa-
tion for the mid-section is defined with 18 streamwise
cells and 77 circumferential cells. The shock layer is re-
solved with 64 cells. Heating rates for both a fully cat-
alytic wall and a finite-catalytic wall were computed at
the respective radiative equilibrium wall temperatures.
A secondary iteration was employed in Method 1G to
accomodate the implicit, functional dependence of I'.

Front section

.
y )
Mid-section

Figure 4: Front and mid-sections of RLV test configu-
ration.
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Figure 5: Comparison of CFD heating levels obtained
on front section of RLV with Method 1G predictions

obtained at v = ¥(T) and v = 1 at Mach 25 and 79.6
km.

and &, on the wall temperature.

Circumferential heating distributions as a function
of computational coordinate j varying from leeside (j =
1) to windside (j = 64) are presented in Fig. 5a for the
front section. The circumferential cut is from the i =
40 plane which lies far downstream from the nose and
upstream of a wing. The windside centerline heating
distribution as a function of computational coordinate
i varying from the stagnation point (i = 16) to the
exit plane of the front section (i = 52) is presented
in Fig. 5b. Method 1G corrections to CFD baseline
heating are generally within 5% of computations. In
the earlier version of Method 1G® a separate bridging
function for nitrogen Zx was not used and comparisons
in the stagnation region were only within 20%.

The mid-section of the RLV (Fig. 4) includes the

1.2
A q, CFD

1ok q, Method 1G AL
u] q, CFD

,,,,,,,,, q, Method 1G Y \\A

(a) ¢ = 10, wing

0.6
A q, CFD
q, Method 1G
u] q, CFD
,,,,,,,,, q, Method 1G
0.4

4/,

30 40 50 60 70 80
j
(b) 7 = 10, windside
121 A
[N
i : NN
10F / LASSTET
"D g 0O o 6 é )
fj=19
0.8 ol
g6}
o
Method 1G
0.4 ] q, CFD
A Sqd e g, Method 1G
N
02f —9o
Cl AA D LA D DD D DAD DD DD DDA
3888888868888 80000g =77
Il Il Il I}
0'00 5 10 15 20

(c) § = 19,77, centerline and wing leading edge

Figure 6: Comparison of CFD heating levels obtained
on mid-section of RLV with Method 1G predictions ob-
tained at ¥ = ¥(T') and v = 1 at Mach 25 and 79.6 km.



windside surface, the wing, and a small part of the
leeside surface. The CFD and integral-boundary-layer
results for heating on this section are compared in Fig.
6. Comparisons are generally within 5% in a circum-
ferential direction around the wing leading edge (Fig.
6a), around the windside surface (Fig. 6b) and in a lon-
gitudinal direction along the windside centerline (Fig.
6c). Comparisons along the wing leading edge show
differences that are generally less than 10%.

Even in the case where significant turning of
streamlines occurs for flow expanding around the side
of the vehicle (32 < j < 48), in Fig. ba the integral-
boundary-layer extrapolation from the baseline CFD
computation is an excellent predictor of the CFD re-
sult at the off-baseline catalysis model. Though not
shown in the figures, the Method 1G predictions for
a non-catalytic surface using either the fully catalytic
baseline or the finite-catalytic baseline also agree within
a few percent.

The results in Fig. 5 and 6 do not include the
correction for dissociation dominated chemistry in the
boundary layer as defined in Eq. 17. The correction
was evaluated and found to represent less than 1% of
the total heating along the windside centerline for this
case. The term grew unreasonably large as the leeside
was approached. It appears that the curve fits to tabu-
lated data for the reaction integral® Ip are used outside
their range of validity. It is expected that this term
would be of greater significance if the vehicle were at a
smaller angle of attack and more dissociation occurred
within the boundary layer.

The differences shown for this test case are thought
to be small enough to be acceptable for preliminary
thermal protection system design purposes. Consis-
tency of these predictions over a broader range of en-
try conditions and geometric complexity remains to be
established before Method 1G (or a related approach)
can be used with confidence in a design mode. The cal-
culations presented here using Method 1G offer strong
evidence that this design goal is within reach.

Discontinuous Changes to Surface Catalysis - Sphere

An abrupt change in surface catalysis (from finite-
catalytic to fully catalytic) is introduced on the sphere
for trajectory point 1 of Table 1 at s/R = w/6. Such
a change would approximately correspond to use of a
glassy coated surface at the stagnation point followed
by polished (non-oxidized), metallic surface. The in-
tegral boundary-layer methodology is used to predict
both the overshoot in heating rate at the juncture
and the relaxation distance to the new heating level
corresponding to ¥ = 1. Wall temperature distribu-
tions are held fixed at the radiative equilibrium values
corresponding to the finite-catalytic solution. Abrupt
changes in surface temperature would introduce addi-
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Figure 7: Comparison of CFD heating levels obtained
for an abrupt change in surface catalysis from v = 4(7)
to v = 1 with analytic corrections derived from CFD
profiles obtained at v = v(T) for point 1.

tional effects which are not currently modeled in the
integral boundary-layer solution.

In Fig. 7, the finite-catalytic solution is treated
as the available CFD baseline solution at trajectory
point 1. Method 2G is used to post-process the CFD
solution to predict the heating levels associated with
a local, discontinuous change in surface catalysis to a
fully catalytic condition at s/R = m/6. This result is
compared to a corresponding CFD computation with
identical wall temperature distribution and grid den-
sity. The CFD results in Fig. 7a are computed with 30
cells in 3 degree increments (As/R = x/60). This grid
density would generally be considered adequate to re-
solve the flowfield over a hemisphere in the streamwise
direction. The integral boundary-layer theory (Method
2)° shows a spike in predicted heating level of thickness



equal to one cell and magnitude more than double the
upstream location. (The spike is somewhat rounded in
Fig. 7a because the plotting routine averages cell cen-
tered quantities in order to plot at cell corners. This
deficiency is corrected in more recent work presented
in Fig. 7b.) The CFD solution shows only a mild over-
shoot in heating on this grid. While a discontinuous
rise in heating is expected across the interface, the re-
laxation process back down to the fully catalytic level
is not properly resolved. The lack of resolution is not
a limitation of the theory; rather, the theory is only
applied at CFD grid points in the present algorithm.

The CFD solutions are compared on an expanded
scale using successively finer grids in Fig. 7b. The
finest grid resolves to 0.1571 mm in the streamwise di-
rection. A relaxation process is evident on this scale.
The CFD heating overshoot increases by more than a
factor of three from the coarsest to finest grid solution.
Tests which compared CFD solutions with and without
physical diffusion in the streamwise direction show only
small perturbations in the solution near the discontinu-
ity on the finest grid. Streamwise grid resolution on the
finest grid is on the order of tens of mean free paths at
the surface. Cell aspect ratio next to the surface is 18.
The Method 2G jump is still approximately a factor of
5 greater than the CFD jump on the finest grid. Fur-
ther refinement would appear to bring the jump predic-
tions in better agreement; however, physical relevancy
of such a simulation is questionable.

The predicted overshoot from Method 2G 1s ex-
tremely sensitive to the ratio of Dahmkohler num-
bers fj’/fc_ across the interface. Unmodified appli-
cation of Method 2G bounds the CFD result from
above. If the effective Dahmkohler number at the
upstream side of the juncture is modeled as an aver-
age of cell center values on either side of the juncture
(fc_ = (fcyj_l + f‘cy‘])/Q) then the theory bounds the
CFD result from below (Fig. 7b dashed line). The im-
pact of uncertainties discussed earlier regarding proper
modeling of nitrogen chemistry near the wall has not
been investigated. It is suspected to be large because
of the demonstrated sensitivity to fc_. Review of flight
data'® and additional test cases in which nitrogen re-
combination is not an additional complicating factor
need to be implemented.

The present test case provides an extreme exam-
ple of the overshoot that can be obtained with abrupt
changes in surface catalysis. Usually, the juncture
would be placed much further from the stagnation
point. Theory shows that the relaxation distance in-
creases with running length from the stagnation point,
easing somewhat the necessity for local grid refinement.
Nevertheless, the integral-boundary-layer analysis pro-
vides a-priori guidance as to the spacial resolution re-
quired to computationally address these issues.
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Concluding Remarks

A new approach for combining the insight af-
forded by integral boundary-layer analysis with com-
prehensive (but time intensive) computational fluid
dynamic (CFD) flowfield solutions of the thin-layer
Navier-Stokes equations is presented. The approach
extracts CFD derived quantities at the wall and at the
boundary layer edge for inclusion in a post-processing
boundary-layer analysis, valid for most of the acreage
on a realistic hypersonic vehicle. It allows a designer at
a workstation to address two questions, given a single,
baseline CFD solution: (1) How much does the heating
change for a thermal protection system with different
catalytic properties than was used in the baseline CFD
solution? (2) How does the heating change at the in-
terface of two different TPS materials with an abrupt
change in catalytic efficiency?

Global changes in surface catalysis lead to global
changes in heating rates. Method 1G is a straight-
forward extension of Method 1 which is applicable to
the entire vehicle. Rather than employing limiting
forms of the boundary-layer equations or integrating
along streamlines, it solves for an integral-boundary-
layer streamline parameter to match the local CFD
baseline heating rate. This parameter is then used to
predict heating rates at off-baseline values of surface
catalysis. Off-baseline predictions of heating rates by
Method 1G were generally in very good agreement with
CFD solutions.

Some additional tuning of the method may still
be required as the role of nitrogen atoms predominates
the role of oxygen atoms in the diffusional component
of catalytic heating. Also, the consistency of these pre-
dictions over a broader range of entry conditions and
geometric complexity remains to be established before
Method 1G (or a related approach) can be used with
confidence in a design mode. The calculations pre-
sented here using Method 1G offer strong evidence that
this design goal is within reach.

It is advised that fully catalytic baseline CFD so-
lutions be run early in the design phase of a hypersonic
vehicle. This approach yields CFD solutions for lam-
inar, nonequilibrium flows that: (1) are conservative;
(2) converge more quickly than with finite- or non-
catalytic surface conditions; and (3) provide the best
baseline for analytic extrapolation to various TPS de-
sign options.

Abrupt, discontinuous changes in surface catalysis
lead to large, local changes in heating rates that must
relax to the new level dictated by the catalytic effi-
ciency of the new surface. Method 2G predicted large
heating spikes associated with an abrupt change in sur-
face catalysis. The spikes were much larger than ini-
tially predicted by CFD. However, the relaxation zone,



as defined by the integral-boundary-layer method, was
not adequately resolved, and grid refinement ultimately
increased the CFD heating spike by a factor of three.
Still, theoretical results are extremely sensitive to the
ratio of catalytic Dahmkohler numbers across the dis-
continuity. CFD results are extremely sensitive to the
streamwise grid resolution. The theory gives good a-
priori guidance on the extent of the relaxation down-
stream of the singularity, but additional research is re-
quired to resolve differences in predicted magnitudes in
the heating jump.
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